. 16 . Because okadaic acid required long periods of bath application (>60 min) to block LTD, we did not repeat this two-pathway experiment using okadaic acid because any differential effect on synaptic transmission in the two paths would be difficult to distinguish from "drift" in the prepara- Ensemble recordings of 73 to 148 rat hippocampal neurons were used to predict accurately the animals' movement through their environment, which confirms that the hippocampus transmits an ensemble code for location. In a novel space, the ensemble code was initially less robust but improved rapidly with exploration. During this period, the activity of many inhibitory cells was suppressed, which suggests that new spatial information creates conditions in the hippocampal circuitry that are conducive to the synaptic modification presumed to be involved in learning. Development of a new population code for a novel environment did not substantially alter the code for a familiar one, which suggests that the interference between the two spatial representations was very small. The parallel recording methods outlined here make possible the study of the dynamics of neuronal interactions during unique behavioral events.
. 16 . Because okadaic acid required long periods of bath application (>60 min) to block LTD, we did not repeat this two-pathway experiment using okadaic acid because any differential effect on synaptic transmission in the two paths would be difficult to distinguish from "drift" in the preparation. 17 . We made whole cell voltage-clamp recordings with an Axoclamp 2A (Axon Instruments) using patch pipettes containing a cesium-based solution (4) . Synaptic responses in the presence of CNQX (10 FM) and picrotoxin (25 gM) were recorded at holding potentials ranging from -80 to +40 mV. There were no significant differences in the current/voltage relation observed when recordings from control slices (n = 4) and calyculin A-treated slices (n = 4) were compared. The EPSC at -80 mV was 8 ± 4% (mean ± SD) and 11 experience is required for the initial establishment of hippocampal spatial representations, single-unit recordings failed to detect differences in the firing of most place cells between the first and subsequent entries of a rat into a specific location (10) . Here, we provide evidence to the contrary and describe the dynamics of ensemble encoding of space in the hippocampus during a single episode of exploration in a novel environment.
Three rats were implanted with microdrive arrays (11) containing 12 four-channel recording electrodes (tetrodes), each capable of resolving activity from 5 to 20 single hippocampal neurons (12) . The rats were trained over 10 days to forage for small, chocolate pellets in half of a rectangular apparatus (box A) (13). The other half of the apparatus (box B) was obscured from view by a partition.
While the rat sat quietly or slept outside the apparatus, the electrodes were lowered until stable recordings of wellisolated cells in the pyramidal layer of CA1 were obtained on all tetrodes. Most hippocampal cells become active during these conditions, even if they exhibit little or no activity during the particular behavioral task under study (14, 15) . Eighty-two single units were identified in rat 1, 73 in rat 2, and 148 in rat 3. Of these, the numbers of pyramidal [complex spike (CS)] cells were 76, 71, and 141 for rats 1, 2, and 3, respectively. The remain-ing cells were "theta" cells (inhibitory interneurons) (14) . Consistent with prior observations (16) and theory (5), the hippocampal representation was sparsethat is, the fraction of cells active in any particular location was small and the overall mean firing rates were low (0.96 Hz for cells with place fields). Of the CS cells from rats 1, 2, and 3, 34, 24, and 40, respectively, exhibited statistically significant spatial information content in their firing (17) in box A. The remaining CS cells were virtually silent there (Fig. 1) .
Is the activity of a population of cells over a brief interval (population rate vector) a robust predictor of spatial location? If so, how does this prediction improve with the number of cells sampled and the time over which the activity is integrated? To answer these questions, we attempted to predict the movement trajectory of the rats in box A using the ensemble activity. We computed the expected rate vectors for each location using the mean rate of each cell at that location. The actual rate vector over each 1-s epoch was compared with each expected rate vector, and the site of maximal correspondence was assigned as the estimated location. The mean prediction error was corrected by subtraction of the approximate intrinsic tracking error (5 cm). The remaining error due to variations in cellular activity was approximately 5 cm for rats 1 and 2 (left panel of Fig. 2C ) and 2 cm for rat 3.
The estimation procedure was repeated with 10 random samples of the CS cells from rat 1, at each of several sample sizes and integration times (Fig. 3A) . As either the number of cells increased or the sampling interval increased up to about 1 s, the mean error was reduced. By extrapolation (Fig. 3B) 
We next assessed the effect of experience in a novel environment by removing the partition between boxes A and B. The specific questions that we had were (i) what effect would this have on established ensemble activity? and (ii) what are the dynamics of the process of forming new spatial representations in the novel region? After 10 min of exploration in box A, the partition was removed and the rats were allowed to explore both boxes. Rat 1 moved freely between the two regions. Rat 2 explored box B briefly and then paused in box A for over an hour before resuming exploration. Rat 3 hesitated for 5 min and then robustly explored for 12 min. After 20 min of exploration of both boxes, the partition was replaced, and all animals explored box A in a normal manner for an additional 10 min. The limited initial exploration by rat 2 precluded evaluation of the time course of its place field formation; however, its other data were consistent with the effects described below for rats 1 and 3 (18) .
The session for rat 1 was divided into four phases: phase 1, the 10-min period in box A before partition removal; phase 2, the first 10 min with the partition between boxes A and B removed; phase 3, the second 10 min of this condition; and phase 4, the final 10 min in box A. For rat 3, phases 2 and 3 were each 6 min in duration. Trajectory reconstructions during a particular behavioral phase were performed with the mean spatial firing distributions for that phase. Therefore, the accuracy of reconstruction reflects the consistency of spatial firing over the phase.
During phases 2 and 3, the cells that were active during phase 1 (in box A) had spatial firing biases with a high degree of pixel by pixel correlation with phase 1 [rat 1, mean correlation coefficient (r) = 0.67 + 0.26 (SD) and P < 0.05; rat 3, mean r = 0.62 + 0.32 (SD) and P < 0.051, despite the altered sensory conditions attributable to the removal of the partition. Reconstruction error in box A did not increase ( Fig.  2A) . In contrast, during phase 2 error within the novel region (box B) was significantly greater in both rats 1 and 3, with only 17 and 31 CS cells, respectively, exhibiting robust spatial activity in the novel box. The spatial distribution of error during this period showed a clear transition at the boundary between boxes A and B (Fig. 2D) . This transition was not due to differences in overt behavior between the two arenas. The behavior of rat 1 in each box was qualitatively and quantitatively indistinguishable during this time (average running speed was 17.3 + 0.3 and 17.5 ± 0.2 cm/s in boxes A and B, respectively). The running speed of rat 3 was reduced by 15% in box B; however, error was not correlated with running speed (r2 = 0.002).
In phase 3, the number of cells with spatial firing biases in box B increased from 17 to 27 for rat 1 (Fig. 2B) and from 31 to 37 for rat 3. Reconstruction error dropped correspondingly (Fig. 2D) (Fig. 2A) that the synaptic modification mechanisms that are presumably involved are rapid. Incorporation of new spatial information has little effect on previously stored information, at least within the limits of this experiment.
During phase 2, there was a marked suppression (up to 70%) of 10 of the 15 inhibitory interneurons recorded. This occurred abruptly as the animal entered box B (Fig. 2E) . Normal firing resumed abruptly when the animal crossed back into box A. These effects were characterized by a clear change in the relation between firing rate and running speed and hence were not due to running speed per se. The suppression of inhibitory interneurons during the development of a novel spatial representation suggests what possible dynamic processes may be involved. Inhibi- tion by neurons containing y-aminobutyric acid can powerfully regulate the efficacy by which a given excitatory input activates N-methyl-D-aspartate receptormediated synaptic enhancement (19) . The suppression of inhibitory interneurons thus might facilitate the synaptic modification necessary to encode new spatial information.
The successful recording and interpretation of neuronal ensemble activity in a behaving animal as demonstrated here opens the possibility, in principle, of the interpretation of neuronal activity in the absence of explicit behavior, such as during periods of sleep (20) , motor planning (21) 
